Rn, He and CO2 soil-gas geochemistry for the study of active and inactive faults by Lombardi, S. & Voltattorni, N.
Rn, He and CO2 soil-gas geochemistry for the study of active and inactive faults 
 
Lombardia S. and Voltattornib N. 
 
a Earth Science Department – University “La Sapienza”, Piazzale A. Moro 5, 00185 Rome, Italy 
b Istituto Nazionale di Geofisica e Vulcanologia, Via di Vigna Murata 605, 00143 Rome, Italy 
 
Corresponding author: nunzia.voltattorni@ingv.it 
 
 
Abstract 
Two Italian areas, characterized by different seismological histories, were investigated in 
order to enhance the basic knowledge of gas migration mechanisms along fracture and fault 
surfaces during earthquakes. Sharp variations occur in the movement and concentration of 
some gaseous species due to the evolution of the local stress regime.  
The first area (named Colpasquale) is located in the central Italian region of Marche and 
provided a good location to study gas migration in a seismically active region. The area was 
devastated by a sequence of shallow earthquakes over a three month-long period (September-
December, 1997). The occurrence of this catastrophic event as well as the long duration of 
the "seismic sequence", presented a unique opportunity to apply a study of gas migration to a 
zone undergoing active displacement. Soil-gas surveys were performed one day, one week, 
one year and two years after the main shock (Ms 5.6) in the Colpasquale area. In particular, 
results highlighted a change of the radon distribution during the three monitoring years 
indicating a variation of gas migration that may be linked to the evolution of the stress 
regime. 
The second study area is located in the Campidano Graben (southern part of Sardinia Island). 
This area is characterized by seismic quiescence, displaying an almost complete lack of 
historical earthquakes and instrumentally recorded seismicity. The consistently low values 
observed for all analysed gases suggest that the studied area is characterised by self-sealing 
probably non-active faults that prevent significant gas channelling. 
The comparison of data from both studied areas indicate that soil-gas geochemistry is useful 
to locate tectonic discontinuities even when they intersect non-cohesive clastic rocks 
(unconsolidated sediments) near the surface and thus are not visible (e.g. “blind faults”).. 
 
Introduction 
The earth’s crust contains numerous pores and fractures filled with fluids that have different 
chemical compositions at different places (King et al., 2006). When the crust is deformed in 
the tectonic process of earthquake generation, certain transient movements (fissure opening, 
fault creep, etc.) may be induced in the crust (Bernard, 2001), and fluids in the fault and other 
weak zones may be forced to migrate to different locations and thus cause the observed 
geochemical changes at these locations.  
Irwin and Barnes (1980) suggest that gas discharging in seismically active faults is a long, 
permanent phenomenon which indicates that active faults are characterised by high 
permeability and porosity and act as drains in the crust. According to Toutain and Baubron 
(1999), degassing at active faults is a valid feature for many soil-gas species. Fault gases 
display a very wide range of geochemical signatures, even on a single fault. In a first attempt, 
this feature can be related to the contrasted characters and sources of the respective leaking 
gases. 
Even in a restricted fractured area, gas fluxes can display contrasting patterns. This feature 
can be attributed, not only to the diverse sources and to the physical/chemical characteristics 
of the different gases, but also to the complexity of the structural, hydrologic and lithologic 
patterns of the studied area (Toutain and Baubron, 1999; Hickman et al., 1995). It has been 
shown that the contrasting permeability in fault gouges and intensely sheared zones generate 
complex geochemical patterns in soil atmospheres (Sugisaki et al., 1980; King et al., 1993). 
This characteristic has already been used to search for active faults, mainly using radon 
emanation, but sometimes also using H2, He and CO2 distribution in soils.  
In this work, we will focus interest on soil concentrations of CO2, 4He, and 222Rn since 
carbon dioxide is one of the main components of the soil gas atmosphere, and it is believed to 
act as a carrier for other gases, radon is used as a tracer of gas transfer (flux and velocity), 
and helium is used as the surface indicator of crustal leaks along faults (Pinault and Baubron, 
1996, 1997).  
We describe the use of soil-gas geochemistry in two areas that  were investigated in the 
frame of GSZ–Geochemical Seismic Zonation. Seismic Hazard Zonation: a multidisciplinary 
approach using fluid-geochemistry methods (CE Contract N° ENVA4-CT96-0291), focused 
on enhancing the contribution of fluid-geochemistry to the study of seismically-active areas.  
In particular, a three year soil-gas survey was conducted throughout the Colpasquale area 
(Marche region, Central Italy) in order to obtain the temporal spatial distribution of soil-gases 
linked to the evolution of the stress regime. The second investigated area is located in the 
southern part of Sardinia Island (Guasila-Suelli area) representing a seismically quiescent site 
for the lack of historical earthquakes. Both areas are characterised by the presence of faults 
terminating in unconsolidated sediments near the surface and thus are blind faults. As such, 
soil-gas geochemistry was applied in an effort to see if it could characterise the style, depth, 
location and size of these structures based on the unique physical-chemical properties of the 
various gases analysed. 
 
Soil-gases: origin, behaviour and their application to seismotectonic investigations. 
Complex processes such as mantle degassing, crustal radiogenic production, rock alteration, 
biogenic activity and atmospheric dilution, at various depths, are involved in the generation 
of soil-gases before reaching the ground surface. Furthermore, several phenomena such as 
mixing, contamination, chemical reactions, differential solubilities in groundwater may alter 
an original gas concentration. Therefore, it is possible to expect a wide variation of 
concentrations for a single gas even within confined areas (Baubron et al., 2002). However, 
abundant evidence of preferential degassing of some soil-gases (i.e., Rn, CO2 and He) at 
active faults is available. Fault gases display a very wide range of geochemical signatures 
that can be related to the contrasted characters and sources of the respective leaking gases. 
Radon is a rare gas and is, probably, the most frequently used for mapping and predicting 
purposes. 222Rn is a naturally occurring radioactive daughter product of the uranium decay 
chain, with a short half-life (3.8 days). In the geologic environment, it displays a poor 
intrinsic mobility (Tanner, 1964; Dubois et al., 1995). In diffusive systems, due to its low 
mobility and its short half-life, radon obviously comes from a short distance below the 
measuring instrument. Information of a deep origin, however, is expected to be noticed when 
Rn of a subsurficial origin is extracted by a rising gas/water column. In this latter case, Rn 
being incorporated in the fluid during the last steps of the process, can be used as a tracer, 
acting as a relative flow meter and velocity meter of the bulk fluid. It gives therefore 
information about both the steady state conditions and disequilibrium features of a global 
reservoir, which can be a hydrothermal cell, possibly magma generated (Pinault and 
Baubron, 1996). Soil radon activities analysed in surface conditions depend upon many 
factors among which, the emanating power of the rock and soil (Morawska and Phillips, 
1993) the permeability of the host rock and the flow of the carrying gas (Ball et al., 1991). 
Generally, radon activities increase with increasing flows (because the gas velocity increases, 
causing both less time for decay and more extraction). For higher flows, however, dilution of 
radon by the flux may occur with a subsequent decrease of radon activities measured at the 
surface. 
Also helium (4He) is a product of the uranium decay chain. This rare gas is the second 
lightest element and it is characterised by a high mobility, chemical inertia and a low 
solubility in water. Due to these characteristics, helium has a highly diffusive character with 
a diffusion coefficient about ten times those of N2, O2 and CO2 (Jenkins and Cook, 1961). 
Helium has a low and constant concentration (5.2204 + 0.0041 ppm) in air (Holland and 
Emerson, 1990). Due to its deep origin (with respect to radon) and characteristics, helium 
appears as an exceptional marker of crustal discontinuities, using faults, tiny fractures and 
paths to rise to the surface (Roberts et al., 1975; Kahler, 1981; Barberi and Carapezza, 1994).  
Carbon dioxide is (generally next to water or nitrogen) the most abundant gas species in 
hydrothermal to volcanic environments. Kerrick et al. (1995) calculated that non-volcanic 
CO2 emissions from high heat flow areas may substantially contribute to the balance of the 
carbon cycle. Natural discharges of CO2 have several sources: the mantle, metamorphism of 
carbonate-bearing rocks, decomposition of organic material and surface biological activity 
(Irwin and Barnes, 1980). Generally, carbon dioxide in fault zones is a mixture of some of 
these sources (Sugisaki et al., 1983). Since CO2 reacts with gaseous, liquid or solid 
constitutive components of hydrothermal systems, it is important to consider phase 
fractionation processes with care. Dissolution of CO2 in deep alkaline waters is a frequent 
feature and can lead to subsequent enrichment of poorly soluble elements such as He 
(Sugisaki et al., 1980). High CO2 fluxes appear correlated with both high heat flux areas 
(associated with active and ancient volcanism) and limited areas with deep fracturing 
(emitting carbon originated from the mantle and from decarbonation processes, with possible 
mixing of these two sources). Irwin and Barnes (1980) suggested that discharges of CO2 
might indicate areas with high pore pressure at depth, and therefore may serve to identify 
potential seismic regions. According to many authors (Irwin and Barnes, 1980; Sugisaki et 
al., 1980, 1983; Baubron et al., 1990, 1991), CO2 is largely used for fault mapping. 
 
Geological settings 
The Marche region 
The Marche region is located along the central Apennine chain, where formations belonging 
to the Umbro-Marchigian pelagic domain outcrop (Calamita & Deiana, 1987). The basement 
of the Marche Apennine rock is made from phyllitic rocks of the Carboniferous age, 
underlying conglomerates of the Verrucano group attributable to the Middle Triassic age. 
The sedimentary cover continues with the Burano anhydrites, Contorta limestones and 
Calcare Massiccio (Late Triassic, Early Lias). It is followed by pelagic , calcareous and 
marly multilayer (Middle Lias-Oligocene) and ends in a flysh sequence (Middle to Upper 
Pliocene) (Ponziani et al., 1995, Italiano et al., 2009).  
The general tectonic frame in the area consists of compressive structures and is displayed by 
NE verging folds and NW-SE and N-S trending thrusts. Several high-angle faults superposed 
on compressive structures border Plio-Pleistocene and Holocene basins filled up with 
continental deposits. Some of these tectonic elements are considered to be capable or active 
faults (Cello et al., 1998). Local structures in the study area are often compressional, with 
several having high-angle extensional faults superposed on them. Some of these tectonic 
elements are considered to be active.  
The region is affected by the occurrence of frequent seismic events. At least 22 local 
earthquakes (ML>5) occurred between 1279 and 1984 (Boschi et al., 1998).  In particular, 
the focal mechanism of the three last ones (occurred in 1979, 1984 and 1997), also confirmed 
by stress indicators,  highlighted active extension processes in the crust characterized by NE-
SW and E-W directions (Montone et al., 2004). 
The San Martino–Costa Fault is one of the faults which seem s to have been reactivated by 
the 1997 Umbria-Marche earthquakes, although no surface faulting was detected along its 
trace (Barba and Basili, 2000). The seismogenic structure responsible for the 1997 
earthquakes is interpreted to consist of an elongated, 40 km long, NW-SE trending zone 
(Amato et al., 1998) along which the three main shocks ruptured three 5-15 km long fault 
segments. The fault zone is thought to dip at a low angle (~ 40˚) and is confined to the upper 
crust (~ 8 km). According to Barba and Basili (2000), on the basis of the positions of the 
main shock hypocenters and source-fault properties (strike, dip, fault length along strike, 
width along dip and rupture velocity), the Umbria-Marche earthquakes originated on the 
same structure and produced blind normal faulting with ruptures stopping ~ 4 km below the 
ground surface.   
 
The Sardinia Island 
Sardinia Island is mostly characterized by the presence of two large geological domains 
(Minissale et al., 1999): the Paleozoic crystalline basement and the Tertiary complex.  The 
Paleozoic unit is dismembered in several sub-regional blocks, mainly by NE-SW and NW-
SE fault systems of late-Hercynian tectonic phases, reactivated during the Alpine orogenesis 
(Carmignani et al., 1992). The basement is composed of metasediments with varying 
metamorphic grade and of a Carboniferous granitic pluton, whose largest outcrops occur in 
the eastern and southwestern parts of Sardinia. They represent the structural heights of the 
Oligo-Miocene rift system which roughly cuts the island in two, stretching from the Cagliari 
Gulf to the south to the Asinara Gulf to the north. The rift system is generally related to the 
eastward drifting of the Sardinia block induced by indentation of the Maghrebian orogen 
with the Sardinian-Corsican paleomicroplate in the western Mediterranean (Dewey et al., 
1989). The Tertiary complex fills the several branches in which the Oligo-Miocene rift 
system may be divided. The infillings mainly consist of Miocene marine sediments and 
Oligo-Miocene andesitic and ignimbritic suites (Lecca et al., 1997). The Plio-Quaternary 
tectonic phases caused dismemberment of the Oligo-Miocene Sardinian rift and originated 
the Campidano graben in the southern branch of the rift (Marini and Murru. 1983; 
Carmignani et al., 1994).  
The rather complex geodynamic evolution that Sardinia Island underwent is the reason of its 
present tectonic stability. Indeed,  Sardinia represents a typical seismically quiescent site, 
displaying both an almost complete lack of historical earthquakes (Boschi et al., 1997) and of 
instrumentally recorded seismicity (with few exceptions, e.g., Peronaci, 1953).  
 
Sampling and analytical techniques 
Shallow soil-gases were sampled using a 1 m stainless steel probe fitted with a brass valve: 
this system enabled soil-gas to be collected and stored in metallic containers (with a vacuum 
of 10-2 atm) for laboratory analysis or to be pumped for on-site radon analysis. The studied 
gases included major (CO2) and trace (4He, 222Rn) gases. Soil-gas surveys were performed 
during the summer season, in the dry period, in order to avoid climatic factors which may 
affect soil-gas values (Hinkle, 1994). Two areas were investigated: the first one is located in 
Central Italy (Colpasquale area, Marche region) while the second one in the southern part of 
Sardinia Island  (Guasila-Suelli area, Western Italy). 
A total of 818 soil gas samples were collected at Colpasquale area (Marche region) along a 
regular grid between September 1997 and September 1999 in one small area (around 1 km2, 
figure 1) not far from the San Martino-Costa fault, which is expected to have caused the 26th 
September 1997 earthquake (Mw: 5.7, Cello et al., 1998). Soil gas surveys were performed at 
four times: the first two sampling campaigns were carried out one day after this seismic event 
and one weak later . Data collection was, then, repeated one year and two years after the 
main shock in order to study a possible variation in both soil gas concentration and spatial 
distribution of anomalous values. The 1998 and 1999 soil gas surveys were performed in the 
same seasonal period of the first campaign (September) in order to avoid soil-gas variations 
due to climatic factors. 
A total of 387 soil gas samples were collected in an area of 42 km2, on the eastern border of 
the Campidano graben, about 40 km north of the town Cagliari. A first regional survey (4 
samples/km2) was performed collecting 189 soil-gas samples between the villages of Guasila 
and Suelli (figure 9), whereas a second survey consisted of 80 samples collected in a N-S 
trending transect between the above mentioned villages and of 118 samples collected along 
an almost E-W profile. These sites were chosen to intersect a known fault segment that has 
shown to be inactive (Boschi et al., 2000). In this way, soil gas samples above a seismically 
inactive (and presumably “geochemically inactive”) fault could be studied as a “benchmark” 
for comparison with results collected over active faults.)  
Radon determination was accomplished in the field with an EDA Instrument RDA-200 
Radon Detector. The analysis is based on the decay of 222Rn to 218Po which results in the 
emission of α-particles. An α−sensitive ZnS(Ag) scintillation cell converts radiation to light 
energy, which in turn is converted to an electrical impulse by a photomultiplier system and is 
amplified by a logical circuit. The determination of helium was performed with a Varian 
Instrument Mass 4 spectrometer. Sample analysis is based on the comparison of the peak 
height (Pa) given by a known concentration (Ca) standard (usually air , which has a helium 
content of 5.220 + 0.040 ppm, Holland & Emerson, 1990) and the peak height (Px) of the 
sample. The CO2 soil gas was analyzed using a Fison Instrument GC-8000 Series gas-
chromatograph by means a Thermal Conductivity Detector (TCD) that achieves a sensitivity 
up to a percentage.  
All analytical data obtained using the above mentioned procedures were statistically and 
graphically processed to define geochemical lineaments and anomalies. An objective 
approach to threshold estimation is obtained using probability graphs (Sinclair, 1991). This 
procedure entails approximating segments of a probability curve (or identifying inflection 
points) by straight lines, and then picking threshold values at abscissa levels that correspond 
to intersections of these “linear” segments. In the simplest case, a single threshold will define 
two populations (background and anomalous values): if, however, the two populations are 
not clearly separated, they may overlap in an interval defined by two bounding threshold 
values.  
Geostatistical analyses were performed to investigate the presence of phenomena acting 
along specific directions (e.g. fault-related anisotropy effect). In particular, variography was 
performed in order to : i) estimate the spatial distribution of the studied variables; ii) study 
the spatial influence of known or inferred faults on shallow gas distribution and iii) obtain 
useful parameters for the construction of variogram surface maps. The geostatistical 
approach consisted of: the construction of experimental directional variograms to investigate 
the spatial dependency of gas concentrations, the determination of directional differences 
(anisotropy) which are important for defining the anisotropy parameters for the kriging 
estimation (i.e. directions and ratio between the major and minor anisotropy ellipse axes); the 
estimation of the spatial distribution of the studied variables using variogram model 
parameters in the kriging algorithm to construct contour maps. 
 
Results and discussion 
Colpasquale area (Marche region) 
Descriptive statistics of soil gas results from the 4 different surveys are reported in Table 1. 
Radon soil gas concentrations are very variable during the three-year monitoring: median 
values (26.6, 50.8, 15.9 and 40.0 Bq/l respectively during 1997_1st survey, 1997_2nd survey, 
1998 and 1999) highlight that the frequency distributions of radon are positively skewed by 
the presence of outliers, as also indicated by standard deviation (S.D. respectively: 21.8, 43.7, 
17.0 and 53.7Bq/l) and by inter-quartile range (IQR respectively: 25.2, 48.5, 12.2 and 37.0 
Bq/l)). In the case of skewed distribution, the IQR better provides data dispersions and 
highlights values that may be considered as anomalous (Beaubien et al, 2003). Figure 2 
shows box plots used to display and compare the distributions of the Rn, CO2 and He soil-
gases during the different surveys. The graphs indicate that the median values of radon 
activity  (Fig2a) are not temporally constant displaying the complex character of this gas 
whose leakage can vary in function  of many factors among which, in particular, the variation 
of stress regime. Highest median value (50.8 Bq/l) is during the 1997 second survey and 
increases again in 1999 after very low 1998 median value. In contrast, He and CO2 mean ( 
respectively 5.2, 5.2, 4.9, 5.4 ppm and 0.4, 0.4, 0.5 and 1.2 %) and median (respectively  5.2, 
5.2, 5.0, 5.2 ppm and 0.4, 0.4, 0.4 and 1.2 %, see also Fig 2 b and c) values are quite similar 
as well as both the standard deviation (respectively 0.1, 0.1, 0.7, 2.1ppm and  0.3, 0.3, 0.5 
and 0.9 %) and the inter-quartile range (respectively  0.1, 0.1, 0.7, 0.6 ppm and 0.3, 0.2, 0.5 
and 1.1 %), thus indicating that these gases have a less skewed distribution.  
These preliminary considerations would indicate that faults and fractures present in the 
studied area, favor radon gas leakage. However, the great variability of mean values during 
years, would suggest that gas microseeps can be influenced by many factors such as: the fault 
permeability, the fracture width, an increase/decrease of grain surface and porosity as well as 
grain comminution by coseismic cracks thereby producing active surface area and circulation 
pathways (Holub and Brady, 1981). 
On this basis, gas anomalies in correspondence of active faults can be either ‘‘direct leak 
anomalies’’ indicating a deep gas origin, or ‘‘secondary anomalies’’ linked to the shallower 
chemical-physical nature of the fault-constituting rocks (Ciotoli et al, 2007).  
Due to their complex origins and sources, as well as the  abundance with respect to the 
atmospheric air, soil gas anomaly thresholds can not be fixed absolutely but a statistical 
approach is required. According to Sinclair (1991) the gas anomaly thresholds have been 
estimated on the basis of  normal probability plots (npp). The last column of table 1 
highlights that there is an increase of CO2 and He anomaly threshold values during the three 
year monitoring. On the contrary, the Rn anomaly threshold has been estimated at a value of 
48.1 Bq/l during the first survey, then values decrease in the following two campaigns (26.3 
and 21.8 Bq/l, respectively) while an higher value (61.0Bq/l) is newly calculated during 1999 
survey.  Graphically, the normal probability plots (Figure 3) highlight the trends of gas 
concentrations: it is well evident an increase of CO2 and He concentrations during the three 
year sampling while Rn shows variable trends.  The importance to estimate the anomaly 
threshold is strictly related to distinguish the limit between background values (due to many 
factors such as rock composition, local gas production, etc.) and concentrations linked to an 
upward migration along enhanced permeability pathways (i.e., faults). Once anomaly 
thresholds have been estimated, those values are used in the elaboration of gas distribution 
maps highlighting, if possible, the  trend of the anomalies in the framework of data spatial 
behavior. 
Figure 4 shows radon distribution maps from September 1997 to September 1999. The color 
scale of each map has been elaborated considering the anomaly threshold value and thus 
excluding (not coloring) background values in the kriging of gas distribution. Anomalous 
concentration  (> 50 Bq/l) of radon  from the first survey occur as spots (Fig. 4a), especially 
in the south-western sector of the studied area  where highest value (max value: 114.7 Bq/l) 
are present. One week after (October 1997, Fig. 4b) this first survey, the spatial distribution 
of radon anomalies (> 27 Bq/l) spread out all over the area excepting few small zones were 
Rn activity is not present  or has background values.  
One year after the main shock  (September 1998, Fig 4c) the investigated area has been 
enlarged in order to better study the spatial distribution of soil gases. Radon  values reach 
concentration peaks > 150 Bq/l. (max value: 172.8 Bq/l) and anomalies are localized mostly 
in the central-southern part of the area and seem to follow preferential directions.  The radon 
concentration anomalies (anomalous values > 60 Bq/l) from the last survey (Figure 4d) 
outline the preferential migration direction (NW-SE) surrounded by background values.  
The results from the four sampling campaigns suggest an “evolution” of the radon 
distribution: immediately after the first seismic event, a leak in radon concentration was 
detected. A possible explanation could be that, soon after the earquake, a sudden degassing 
occurred because of the opening of numerous fractures, resulting in widespread anomalies 
and the basic "flooding" of the local soil gas with radon. Once the earthquakes ceased some 
of the structures began to close, allowing the system to slowly return to a state of equilibrium 
by dissipating the high radon concentrations into the atmosphere. However, where fractures 
remained open at depth, such as within inferred faults, they provided a steady but reduced 
flux of radon to the surface. The study of spatial behavior of Rn values by means of 
variography  would confirm the supposed radon degassing evolution. Both the variogram 
surface maps (constructed using modeled experimental variograms calculated for collected 
data) of the first two surveys (Fig. 5a and 5b) show an isotropy showing that there is not, 
spatially, a preferential direction along which the degassing phenomena are more evident. A 
slight anisotropy is evident during the third campaign (Fig.5c) but only in the last survey it is 
possible to observe the maximum spatial data continuity (Fig.5d)  with a major anisotropy 
axis oriented NW-SE that is the typical direction of the Apennine belt along which the main 
faults and earthquakes are distributed (Cocco et al., 2000). Thus, the use of  variogram model 
parameters in the kriging algorithm, would confirm the presence of phenomena affecting 
radon distribution as well as acting along a specific direction (fault-related anisotropy effect). 
The distribution of the two other measured gases (He and CO2) suggest that they are 
transported from a more shallow depth, since CO2 and He do not show a well-defined 
anomaly as was observed for Rn, especially in 1999.  
In particular, the CO2 low values obtained during the first survey (Fig.6a) are typical of 
organic origin due to biological activity (Holland and Emerson, 1990; Amundson and 
Davidson, 1990). The entire sampled area has an almost homogeneous content being the 
concentration range (0.03-1.5 %) very small. One week later (October 1997), the  CO2 
concentrations are very similar to the first ones (min value: 0%, max value: 1.7 %) and the 
different gas distribution (Fig. 6b) is probably linked to local vegetation and/or biological 
activity. Results from September 1998 survey (Fig 6c) are slightly different: concentrations 
are higher (max value: 4.8%) and have a spotty distribution especially in the eastern sector of 
the studied area. The CO2 values  during the last survey (September 1999,) have a 
concentration higher than previous ones although few sampled points have concentrations > 
2 %  (anomaly threshold value). However, all highest values (max value: 7.1 %) are located 
in the south-western sector of the area revealing an anomaly mostly  NW-SE elongated.  
Although the low CO2 concentrations would suggest an organic origin and  probably not 
related to the seismic sequence, the CO2 variogram surface maps show (Fig. 7) a variability 
of spatial data continuity over the three years. The anisotropy seems to rotate clockwise from 
a mostly E-W direction at the first survey to a NE-SW direction in September 1999. The 
variogram maps would indicate, also for the CO2, that the shallow gas distribution is linked 
to the variation of stress regime: initially the gas leak is facilitated by the opening of the main 
structures supposed causing the earthquake but the final  NE-SW anisotropy is  in accordance 
with the process of an extensional stress regime (Amato et al, 1998).  
With regard to He soil gas distributions, the first survey results (Fig.8a)  show a spreading 
degassing all over the area excepting in the south-eastern sector. However, values are low 
(max value: 5.3 ppm), similar to the atmospheric content (5.2 ppm according to Holland and 
Emerson, 1990). During  the following two surveys (October 1997  and September 1998) 
values are still very low, and only few points with higher concentrations (in particular, during 
September 1998, Fig. 8c) are spotty distributed. Highest He values were found during the 
1999 survey: around 10 % of the total data set has a values between  6.0 and  9.2 ppm and 
only one sample is 27.9 ppm (the asterisk on the map) that was not considered in the data 
elaboration in order to highlight the distribution of lower anomalous values that would have 
been hidden by a so high value. Since He values are low and spotty distributed, the study of 
variography was meaningless as the few outliers would have impaired the variogram 
structure and the kriging results.  
 
 
 
Guasila-Suelli area (Sardinia Island) 
Results from the three different surveys (the regional survey, the N-S transect and the E-W 
profile) are reported in table 2.  Gas values from regional surveys are approximately  very 
similar to the atmospheric content (Holland and Emerson,1990; Hermansson et al., 1990) and 
few Rn and He anomalous values  have spotty distribution (Fig. 10) and are present at or in 
proximity of granite outcrops: these gas anomalies are probably the products of radioactive 
decay from uranium and thorium contained in granites. 
 All over the rest of the studied area there is an absolute absence of soil-gas leakage. Figure 
11 shows the running average for the three analyzed soil gases from the regional survey. The 
vast majority of radon values (more than 90%) belong to the background population defined 
(over 10000 samples, Ciotoli et al., 2004) for Italian soils, considering similar scenarios, as 
well as  CO2 (1.5 % v/v) and He (15.0 ppm) contents are below the anomaly threshold. 
Results from the performed profile and transect, intersecting a known fault segment that has 
shown to be inactive (Boschi et al., 2000), show very low soil-gas values (Tab.2). In 
particular, radon and carbon dioxide concentrations (max value, respectively 35.9 Bq/l and 
4.5% for the profile and 39.9 Bq/l and 2.9 % for the transect) are very similar to the 
background values estimated for Italian soils (Ciotoli et al., 2004) . Furthermore, no helium 
was found in detailed survey samples: the content was under the detector limit (0.5 ppm) of 
the instrument. 
 The consistently low values observed for the three analysed gases suggest that there is no 
significant input of volatiles derived from great depth along the inactive fault structures, at 
least in the area where the survey was conducted. These results suggest that in our study area 
significant gas channeling from depth is prevented by self-sealing inactive faults. 
Comparison between Colpasquale (Marche region) and Guasila-Suelli ( Sardinia 
Island) results 
The results from the two studied areas are summarized in figure 12  where  the  respective  
concentrations of the three gas species (Rn, CO2 and He) have been compared. The three bar 
charts clearly show two different “geochemical scenarios”: the absence of active faults in 
Sardinia prevent significant gas channeling, while, at Colpasquale area, the gas leakage  is 
favored by the presence of active gas-bearing faults that allow gases to quickly migrate 
upwards. In particular, the Sardinia radon content is strictly related to the shallow 
environment (granite outcrops) as well as helium (in regional survey, while the gas is absent 
both in the transect and profile). Although the CO2 concentration during the 1999 
Colpasquale survey is the highest, the gas content  is very similar in both areas being under 
the anomaly threshold defined for Italian soil. However, it is worth pointing out  that the 
presence of shallow fracturing can strongly influence the uprising or the production of carbon 
dioxide being soluble and reactive, more than radon. This would explain the increase of CO2 
in the last Colpasquale survey after two years from the main shock when the closing of the 
microfractures, caused by the long seismic sequence, favors the accumulation of the gas at 
the surface. 
 
Conclusions 
This study has focused on using gas-geochemistry in seismically-active  (Colpasquale area, 
Marche region) and inactive (Guasila-Suelli area, Sardinia Island) areas in order  to search 
for evidence of deep-fluids in the shallow environment. Soil gas measurements were 
performed  at different scales and involving three gas species (Rn, CO2 and He) with 
different geochemical features: the soil-gas survey, at the seismic area, was performed one 
day  after the main shock  (Ms 5.6,  September,26th 1997) and repeated after one  weak, one 
year and two years, to define different geochemical signals along active and/or reactivated 
fault systems. One regional and two detailed surveys (one transect and one profile) were 
performed in the seismically- inactive area.  
Soil-gas-geochemistry yielded different features of the anomalies reflecting both the different 
gas bearing properties of faults  and the different behaviors of the analyzed gases. Soil gas 
distributions can be affected by climatic factors, soil moisture, mobility and solubility of the 
gas itself,: in the frame of all  these variables, obtained results demonstrated that gases can 
migrate preferentially through fractured zones but only along pathways whose permeability 
has been enhanced by seismic activity.  
Actually, in terms of soil gas results, radon seems to be the most important trace gas to study 
whether there is a spatial and/or temporal link between seismotectonics and fluid 
geochemistry. Although the presence of radon is not able to define the depth of origin, its 
occurrence as aligned anomalies above fault and fracture zones indicates that this short lived 
isotope has been quickly transported along vertical highly-permeability pathways. On the 
other hand, the absence of seismic activity and/or the presence of sealed faults prevent the 
uprising of deep gases.  
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Figure and table captions 
 
Fig.1. Simplified geological map (Cello et al., 1998, modified) of the Colpasquale area 
(Marche region) where a three month-long period (September-December, 1997) shallow 
seismic sequence occurred. The black star between Cesi and Costa villages represent the 
epicentre of the main shock (26th September, 1997). The investigated area (Colpasquale area, 
dark rectangle) is located few hundred meters to the west of the known S. Martino-Costa 
fault that probably caused the earthquake. 
 
Fig. 2. Box plots show the comparison among the concentrations of the different soil gas 
species (Rn, CO2 and He) during the four surveys at Colpasquale area (Marche region). 
Except for He median values, plots highlight that Rn and CO2 concentrations are not 
temporally constant: the leakage of these two gas can vary in function  of many factors 
among which, in particular, the variation of local stress regime.   
 
Fig. 3. Normal probability plots (npp) for Rn, CO2 and He in the Colpasquale area (Marche 
region). These plots were utilized for the estimation of the anomaly threshold that is the limit 
between background values and concentrations linked to an upward migration along 
enhanced permeability pathways. Graphically, the npp allows to highlight the trend of 
concentration variations: actually, it is well evident a concentration increase for  both CO2 
and He during the three years of sampling. On the contrary, the increase of radon is not 
linear: the lowest trend, except for one point, was detected during the third survey (1998).  
 
Fig. 4. Radon distribution maps from September 1997 to September 1999 at Colpasquale 
area (Marche region). Dashed rectangle at map c represents the investigated area in 1997 that 
was enlarged in 1998 and 1999. Anomalous concentration  of radon (>50 Bq/l) results from 
the first survey (a) occur as spots, especially in the south-western sector. One month later 
(October 1997, b), the spatial distribution spread out all over the area excepting few small 
zones. During the two following years (c and d), anomalous value distributions appear more 
concentrated and seem to follow a preferential direction. 
 
Fig. 5. Variogram surface maps of radon data at Colpasquale area (Marche region). The first 
two surveys show an isotropy that means that there is not, spatially, a preferential direction 
along which the degassing phenomena are more evident. A slight anisotropy is evident 
during the third campaign  but only in the last survey it is possible to observe the maximum 
spatial data continuity  with a major anisotropy axis oriented NW-SE. 
 
Fig. 6. Carbon dioxide distribution maps from September 1997 to September 1999 at 
Colpasquale area (Marche region). During the first two surveys (a and b) values are very low 
(< 2%) and probably linked to local vegetation and/or biological activity. A spot distribution 
of higher values (max value: 4.7 %) is evident during September 1998 (c) while, one year 
later (d) highest values (>5%) are concentrated in the south-western sector of the area, 
highlighting a NW-SE elongated anomaly. 
 
Fig. 7. Variogram surface maps of CO2 data at Colpasquale area (Marche region). The maps 
show a variability of spatial data continuity over the three years. The anisotropy seems to 
rotate clockwise from a mostly E-W direction at the first survey to a NE-SW direction in 
September 1999.  
 
Fig. 8. Helium distribution maps from September 1997 to September 1999 at Colpasquale 
area (Marche region). The first survey results (a)  show a spreading degassing all over the 
area excepting in the south-eastern sector. During the following two surveys (b and c) few 
anomalous points are spotty distributed. Highest He values were found during the 1999 
survey: almost 10 % of the total data set has values between  6.0 - 9.2 ppm and only one 
sample is > 25 ppm (the asterisk on the map). 
 
Fig. 9. Geological map of the southern part of the Sardinia Island where there is an almost 
complete lack of historical earthquakes (Boschi et al., 1997) and of instrumentally recorded 
seismicity. The investigated area is located in the eastern part of Campidano Graben and it 
was investigated by means a first regional survey (189 soil-gas samples: dotted symbol) and 
by two detailed surveys (one transect - 80 samples, and one profile - 118 samples: + symbol). 
 
Fig. 10. He and Rn soil-gas distribution maps at Guasila-Suelli area (Sardinia Island). The 
results from the regional survey highlighted few anomalous values (Rn> 14 Bq/l and He> 
4.5ppm) that are located only in proximity of granite outcrops.  
 
Fig. 11. Rn, CO2 and He running averages from the regional survey at Guasila-Suelli area 
(Sardinia Island). The vast majority of radon values (more than 90%) belong to the 
background population defined for Italian soils. Even CO2 (1.5 % v/v) and He (15.0 ppm) 
contents are below the Italian anomaly threshold. .  
 
Fig. 12. Rn, CO2 and He bar charts for a comparison between Colpasquale (Marche region) 
and Guasila-Suelli  (Sardinia Island) results. The presence of highly-permeability pathways 
due to the seismic activity (Marche site), favours the trace gases (radon in particular) 
uprising. On the contrary, if faults are sealed (Sardinia site), deep gases can not reach the 
surface and soil-gas concentrations are strictly linked to superficial lithotypes (i.e., granite 
outcrops). 
 
Table 1. Main statistical parameters of the Colpasquale (Marche region) surveys. The 
amount of samples during the 1998 and 1999 surveys increased as a result of an increase in 
size of the investigated area. Rn median values  highlight that the frequency distributions are 
positively skewed by the presence of outliers, as also indicated by standard deviation (SD) 
and by inter-quartile range (IQR). Low median, SD and IQR values for CO2 and He indicate 
a low dispersed distribution. 
 
Table 2. Main statistical parameters of the Guasila-Suelli (Sardinia Island) surveys. Gas 
values from the surveys are approximately  very similar to the atmospheric content. He 
content is under the detector limit of the instrument (0.5 ppm) in both the two detailed 
surveys (profile and transect). 
 
 
 
 
